Abstract The study focuses on the analysis of inherent optical properties of lake waters characterized by consisting of several optically active substances (OAS) (phytoplankton, suspended particles and dissolved organic matter). The results obtained can be useful for deriving the algorithms of optical remote sensing models which need the spectral data on inherent optical properties of the aquatic environment. The spectral absorption and attenuation coefficients were measured in situ using the instrument ac-9 for eight wavelengths in the range of 400 -700 nm. The investigation sites were five Finnish and six Estonian lakes. The concentrations of chlorophyll a and total suspended particulate matter, as well as the absorption coefficient of coloured dissolved organic matter (at 380 nm) were determined in a laboratory from water samples taken concurrently with ac-9 measurements. There are three main objectives: (1) to calculate the values of absorption and specific absorption coefficients of tripton on the basis of ac-9 and laboratory data; (2) to estimate the contribution of pure water, chlorophyll a, dissolved organic matter and tripton to the total absorption and attenuation coefficients (results for ac-9 wavelengths and also for the PAR region, 400 -700 nm); and (3) to determine the slope (and its variability) of the scattering coefficient spectrum for each measurement series and to estimate the reasons of this variability. At the wavelength of 532 nm the values of the specific absorption coefficient of tripton varied between 0.013 and 0.098 L mg 21 m
Introduction
The optical properties of water bodies show great variability, connected with their limnological/optical type, seasonal change of biological activity and human impact. The consequences of human impact are significantly expressed in coastal areas and inland waters. These water bodies can be called "multicomponental", because, besides water itself, their properties are formed under the influence of optically active water constituents (OAS) (phytoplankton, coloured dissolved organic matter (CDOM) and suspended particles). In our opinion the term "multicomponental waters" is more suitable for lakes than the term "Case 2 waters" (Morel and Prieur 1977) . "Case 2" describes marine waters where inorganic particles have a higher concentration than chlorophyll, but in lakes we can observe high values of phytoplankton and CDOM, while most suspended particles are by their origin organic, not mineral. There are several versions of limnological classification of lakes (e.g. Carlson 1977; Mäemets 1971 Mäemets , 1977 Koponen et al. 2002; Vollenweider and Kerekes 1982; Heinonen and Herve 1987; Zilioli and Brivio 1997; Vuoristo 1998; Ott and Kõiv 1999; Wallin and Fölster 2002) . According to the Organization for Economic Cooperation and Development (OECD) protocols (Vollenweider and Kerekes 1982) , the trophic state of waters can be estimated by means of the following parameters: (1) physical parameters, such as the water transparency, (2) biological parameters, such as the production of algal biomass or chlorophyll a concentrations, (3) chemical parameters, such as the total phosphorus content. Using these indicators, five trophic types are defined (cited in Zilioli and Brivio 1997) : (1) ultraoligotrophic, (2) oligotrophic, (3) mesotrophic, (4) eutrophic, and (5) hyper-eutrophic. Carlson (1977) , analysing the situation, found that actually the trophic concept is multidimensional, involving several diverse aspects. The general conclusion is that, on the basis of only three characteristics (Secchi disk depth, chlorophyll a and total phosphorus), we cannot adequately describe the whole diversity of lakes and coastal waters, and consequently the five OECD classes are insufficient. A more complicated classification of lakes derived in Finland (Heinonen and Herve 1987; Vuoristo 1998; Koponen et al. 2002) uses about 20 variables. Mäemets (1971) and Ott and Kõiv (1999) have proposed 8 trophic types (some of which have up to seven subtypes; altogether 27 trophic types) for Estonian lakes.
In parallel, studies for elaborating the optical classification of water bodies have been conducted (Jerlov 1976; Morel and Prieur 1977; Kirk 1980 Kirk , 1996 Prieur and Sathyendranath 1981; Baker and Smith 1982; Gordon and Morel 1983; Vertucci and Likens 1989; Reinart et al. 2003; Arst 2003) . These classes are usually defined on the basis of optical properties of water, the concentrations of OAS and remote sensing reflectance spectra. A classification scheme, often used in investigations, was put forward by Morel and Prieur (1977) . It describes two general reflectance types: Case 1, where phytoplankton and their derivative products play a dominant role in determining the optical properties of water, and Case 2, where an important contribution to the optical properties comes from resuspended sediments and particles, originating from different sources (river runoff, urban discharge, etc.). However, the differentiation between these two classes is a little bit vague: according to Kirk (1996) Case 1 waters can range from oligotrophic to eutrophic; in Case 2 waters, phytoplankton and their derivative products may or may not also be present in significant amounts. Note that a water body can change from one optical type to another (the reason can be the development of algal bloom, change of intensity of soil erosion due to the heavy rain or strong flow in rivers after the melting of ice, etc.) (Kirk 1996; Reinart et al. 2003) .
In most cases the classifications made for ocean and open sea waters are not applicable to optically complex waters. Instead of looking for a general classification, valid over a wide range of ocean, sea and lake waters, classification algorithms optimized for local conditions have been found (e.g. Eloranta (1978) for Finnish lakes; Chekhin (1987) for Russian lakes; Koenings and Edmundson (1991) for Alaskan lakes; Reinart and Herlevi (1999) , Reinart et al. (2003) and Arst (2003) for Estonian and South Finland lakes). For developing the optical classification of lakes two groups of basic characteristics were used: (1) the reflectance spectra (important for remote sensing investigations), and (2) light attenuation and/or OAS data (to describe the transparency of water as well as its dependence on OAS).
Note that optical water types can more or less correspond to trophic types of the water bodies, but the general approach is different (e.g. optical classes do not describe the chemical parameters and the productivity of the water, the limnological classes do not allow us to estimate the optical properties and remote sensing characteristics of a water body).
However, relying on any classification (neither optical nor limnological) one cannot numerically determine the contribution of each water constituent in forming the inherent optical properties of a water body. This kind of data is certainly of interest, especially when estimating these contributions not only to the total absorption coefficient of light in the water, but also their spectral distribution.
As is known, today the optical measurements from satellite are an effective tool for investigating the aquatic environment (type and amount of OAS, their spatial distribution in a water body, undulation, ice cover, etc.). Gradually, the spatial resolution of the satellite sensors have improved (e.g. MODIS/Terra, having in some channels a resolution of 250 m) and probably will be better in the future. The best way for the interpretation of remote sensing data is to use quantitative analysis, which allows us to find out the numerical values of water constituents (see Kutser (1997) , Kutser et al. (2001) and references quoted in Arst (2003) ). The corresponding algorithms of the remote sensing models are derived on the basis of the inherent optical properties of the water environment, light absorption and backscattering coefficient. Here we need data not only on the total absorption coefficient, but also on the specific absorption coefficients of each optically active substance. This problem is rather adequately solved for phytoplankton and CDOM, but there are problems for determining the specific absorption coefficient for "nonchlorophyllous" suspended matter. Particulate attenuation of "nonchlorophyllous" matter can be separated into contributions from particulate material of different types and sizes, mainly detritus and mineral particles (altogether named "tripton"). This is the reason for the noticeable variability of the specific absorption coefficient of suspended matter. Collecting and analyzing the data on the specific absorption coefficient of tripton will help to choose the most reliable values in remote sensing models.
Another important property of the aquatic medium is the scattering coefficient of light: in lakes it varies in a large range (Kirk 1981 (Kirk , 1996 Herlevi et al. 1999; Herlevi 2002b) . A special problem is the description of the spectral distribution of the scattering coefficient. Rather often the spectral invariance of b is stated (Jerlov (1974) for Baltic Waters; Bukata et al. (1979) for Lake Ontario; Phillips and Kirk (1984) for Australian waters), but there are a number of studies (Morel and Prieur 1977; Halturin et al. 1983; Kopelevich 1983; Dekker 1993; Jupp et al. 1994; Kirk 1996; Gould and Arnone 1998; Herlevi et al. 1999; Herlevi 2002b; Gallegos et al. 2005) which suggest that scattering is relatively high at short wavelengths and lower at high wavelengths, following a power law l p b ( p b is usually called the slope of this relationship). When examining the published data, we can see noticeable differences in the numerical values of the slope p b , as well as the contradictory results on its dependence on the water turbidity (some results show a decrease, other results an increase of p b with increasing turbidity). It seems that, to obtain a reliable explanation, a rather large amount of additional data is needed.
The main objectives of the present study are: (1) using the spectral values of light absorption (a) and attenuation (c) coefficients, measured in situ, to estimate the contribution of each water constituent to total values of a and c in the photosynthetically active region (PAR) of the spectrum (400 -700 nm) as well as for some narrow spectral intervals, (2) on the basis of in situ and laboratory measurements, to estimate the values and variability of the specific absorption coefficient for tripton, and (3) to calculate the slopes of the scattering coefficient spectra and to analyze their variability (seasonal change, dependence on the concentrations of OAS).
Materials and methods
We had at our disposal a dataset containing the spectral values of light absorption and attenuation coefficients in lake waters measured in connection with the co-operation project SUVI between the University of Helsinki and Estonian Marine Institute. The in situ measurements were carried out using the instrument ac-9 Herlevi 2002a,b) . The ac-9 (WET Labs. Inc. 1995) is a spectral absorption/attenuation meter that B. Paavel et al.
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uses nine bandpass filters in different spectral channels for measurements of the vertical profiles of the spectral values of light attenuation and absorption coefficients (correspondingly c and a) in the water. There is a possibility to measure using two different path lengths, but for lakes the shorter one (10 cm) was chosen. In 1997-1999, the central wavelengths of these channels were 412, 440, 488, 510, 532, 555, 650, 676 and 715 nm (beginning in 2000 the channel 532 was replaced by 630 nm). We studied the optical properties in the photosynthetically active region (PAR, 400-700 nm), so we left out the data for 715 nm. Note that the dataset of ac-9 contains the vertical profiles of parameters determined with very small depth-step (1 -2 cm) down to 2-6 m in a lake. However, the depth variation of variables in our lakes was only 2-3% Herlevi 2002b) and we used the averaged values for the layer of 0.5-1 m. Note that similar results were obtained in Belzile et al. (2004) for clear oligotrophic L. Taupo, where down to 40 m the values of a practically did not change. From the whole dataset of ac-9 (1997-2000) we chose the spectra for different types of lakes, where concurrently the characteristics of optically active substances (OAS) were determined. The second group of our initial data (obtained by the Estonian Marine Institute) consisted of the laboratory measurement results: the concentrations of chlorophyll a (C chl ) and total suspended matter (C s ), obtained from water samples, and the beam attenuation coefficient of filtered water at the wavelength 380 nm (c * f ðlÞ). It was assumed that the absorption coefficient of the coloured dissolved organic matter, a CDOM (l) is practically equal to c * f ðlÞ. The small difference between these two parameters is caused by fine inorganic particles and colloids passing through the filter (Bricaud et al. 1995; Sipelgas et al. 2003; Arst 2003) .
Study sites and optically active substances
A short characterization of our study sites, 11 Finnish and Estonian lakes, is shown in Table 1 . As we can see, rather different limnological and optical types of lakes were studied (altogether 73 series of measurements). The measurements were carried out in May/June and in August, describing, respectively, the early and late summer situations. Sometimes (e.g. in L. Lohjanjärvi, L. Vesijärvi, L. Päijänne, L. Ü lemiste and L. Lammi Pääjärvi) the measurements were carried out during the same day in different sampling stations.
The water samples were collected in the same stations where in situ optical measurements were carried out. For determining the concentration of chlorophyll a, water was filtered through Whatman GF/C glass microfibre filters (pore size , 1.2 mm; Whatman International Ltd., Mainstone, UK). Then the pigments were extracted with hot ethanol, its absorption coefficients at the wavelengths of 665 and 750 nm were measured and the value of C chl was calculated according to the Lorenzen (1967) method. The concentration of total suspended matter (C s ) was determined by its dry weight after filtration of the water through polycarbonate membrane filters (pore size 0.45 mm, Millipore Corporation, Bedford, MA). The same filters were also used to find the values of c * f ðlÞ, measured from filtered water samples using a spectrophotometer Hitachi U1000. Note that in both cases more correct results could be obtained when the filters with pore size 0.2 mm were used (Lindell et al. 1999) . However, we could not use these filters because the water of many lakes was so rich in particles that it would have clogged up the fine filters.
The term "suspended matter" is interpreted by different authors as follows: sometimes as the hydrosols (mineral particles), sometimes as a mixture of organic (dead algae, humic particles, detritus) and mineral particles. Actually, when determining C s by its dry weight, the result will describe the amount of all kinds of particles, including living phytoplankton. Note that different authors use different terms/definitions for "nonchlorophyllous" particles (Kishino et al. 1985; Iturriaga and Siegel 1988; Nelson and Robertson 1993; Tassan and Ferrari 1995; Hoogenboom and Dekker 1997; Darecki et al. 2003) . Rather often the "nonchlorophyllous" material is equated with detritus, obviously supposing that the contribution of mineral particles in tripton is very small. Because our study sites included shallow lakes where also mineral particles can exist, we used the term "tripton", i.e. the sum of detritus and mineral particles. Hoogenboom and Dekker (1997) , using the measurements in Dutch lakes, proposed for the separation of the dry weight of nonchlorophyllous particles (tripton, C t ) from the dry weight of total particles (C s ) the following relation:
where K 1 is 0.07, when C S and C t are in mg L 21 and C chl is in mg m 23 . According to Kutser et al. (2001) for the Finnish lakes K 1 is in the range of 0.03 -0.06. We used the value K 1 ¼ 0.045, because our estimates showed that the variation of K 1 from 0.06 to 0.03 brings about errors below^8% (except some cases where C S is less than 2 mg L 21 ).
Inherent optical properties
The data obtained using the instrument ac-9 gave us the spectral values of light attenuation (c) and absorption (a) coefficients. As is known (Kirk 1996; Prieur and Sathyendranath 1981; Herlevi 2002b; Arst 2003) , the total absorption coefficient a can be expressed in the following way:
where a w is the absorption coefficient of absolutely pure water; a ph , a CDOM and a t are, respectively, the absorption coefficients of phytoplankton, coloured dissolved organic matter (CDOM) and tripton; a 0 ph and a 0 t are the specific absorption coefficients of these substances, C chl and C t are their concentrations in water. Note that in equation (2) and later the wavelength dependence notation is suppressed for brevity.
In equation (2) the values of a w , a ph and a CDOM can be estimated rather easily. Practically always the spectral values of a w are considered as known data (e.g. Baker and Smith 1982; Pope and Fry 1997) . The empirical relationship between a 0 ph and C chl was derived by Bricaud et al. (1995) :
where A and B are positive, wavelength-dependent parameters (they are tabulated in steps of 2 nm in the paper of Bricaud et al. (1995) ). Usually the absorption spectra of CDOM are described by an exponential function depending on the wavelength (results by different authors are described in Aas (2000)):
where l 0 is the reference wavelength (usually it is between 360 and 420 nm: we chose the value of 380 nm) and S is the slope parameter. As mentioned before, we assumed that a CDOM ð380 nmÞ < c * f ð380 nmÞ, and used this value in equation (4). The estimation of S has been performed by numerous authors: for coastal and lake waters, the reasonable mean of S was found to be in the limits 0.016-0.019 nm
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, while often the value S ¼ 0.017 nm 21 is recommended for use (Mäekivi and Arst 1996; Kallio 1999; Sipelgas et al. 2003) . Usually S is determined for the spectral range 380-550 nm. Consequently, we can determine the values of a, a w , a ph and a CDOM using in situ and laboratory data and methods described above. The values of a w were taken from Pope and Fry (1997) . The value of a t can be estimated as a residual on the basis of equation (2):
Naturally, the reliability of a t determined in such a way can be low, because its value is influenced by measurement errors of a, a w , a ph and a CDOM . Thus, the first task of our study was to estimate the spectral values of a t using our dataset for other parameters. Additionally, since we had measured the concentration of total suspended matter C s and then determined the concentration of tripton (C t ) by equation (1) we could estimate a corresponding specific absorption coefficient (a 0 t ) for each channel of ac-9:
The data on light attenuation and absorption coefficients, measured by instrument ac-9, allow calculating the corresponding scattering coefficient (b) by a well-known formula:
Similarly to the total absorption coefficient, the total scattering coefficient (b) can be expressed as a sum of contributions from different substances (Sathyendranath et al. 1989) :
In equation (8) the scattering of light by CDOM, caused by colloids, is not taken into account. Its numerical value is rather complicated to determine in each separate case, and, by our estimations, in most of the lakes b CDOM is about 0.5-1.5% from total b PAR and only in "yellow" and/or clear-water lakes can it increase up to 3-4%. In lakes the contribution of scattering coefficient of pure water to the total scattering is also negligible. It is rather difficult to distinguish b ph and b t from measured b spectra. Most publications contain different versions of the dependence of b ph on C chl , but often the data are given only for one or two wavelengths. The models for describing the spectral variation of b ph that could be found in the literature seem to give even contradictory results. For instance, Gordon and Morel (1983) and Fransisco and McCormick (1994) 
Here 0:3ðC chl Þ 0:62 is the scattering coefficient at the wavelength of 550 nm and n ¼ 1 or close to 1. However, the numerical value of b(550) is different from that obtained by Morel (1980) and used in Sathyendranath et al. (1989) , in whose studies it was 0.12(C chl ) 0.63 . According to equation (9) b ph (z, l) decreases with increasing wavelength. However, by the data of Ahn et al. (1992) and Paavel (2004) in the range 420-580 nm b ph (z, l) increases with wavelength and only in the red part of the spectrum is its slight decrease observed.
Contribution of different components of the aquatic medium to the total absorption and attenuation coefficients There are numerous publications where the absolute values of total and/or substance-specific absorption, scattering and attenuation coefficients are presented, both for the PAR region and for different wavelengths. However, we could find only a few investigations where the contributions of different components of aquatic medium to total a (or c) are estimated (Kirk 1980 (Kirk , 1996 McKee et al. 2002; Paavel 2004; Reinart et al. 2004 ). This kind of information allows us to compare the water bodies from the point of view of relative importance of water constituents in the formation of inherent optical properties in different lakes and times.
On the basis of the ac-9 and laboratory measurements data we calculated these contributions, i.e. the ratios a w /a, a ph /a, a CDOM /a and a t /a at eight ac-9 wavelengths.
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The spectral data for a w , and formulas for a ph and a CDOM (equations (3) and (4)), allow us to determine their averaged values for the whole PAR band (400-700 nm). The corresponding values of total absorption coefficient, averaged over the PAR region, were estimated on the basis of the ac-9 measurements. It appeared that the spectra of a(l) can be described as a function of wavelength using polynomial and/or power function trendlines through the ac-9 "points" (separately for the wavelengths 412-532 nm and 532-676 nm). Then we could calculate the contribution of each optically active substance to the total absorption coefficient in the PAR region: a w,PAR /a PAR , a ph, PAR /a PAR and a CDOM, PAR /a PAR . The value of a t,PAR /a PAR was estimated in the following way:
Note that these estimates, made on the basis of four measured parameters (each having some measurement error) at eight wavelengths, cannot be with high accuracy, but qualitatively we can get reliable results. We determined also the contributions of different OAS to the total attenuation coefficient, consequently the ratios a w /c, a ph /c, a CDOM /c and a t /c at different wavelengths and also a w,PAR /c PAR , a ph,PAR /c PAR , a CDOM,PAR /c PAR and a t,PAR /c PAR were calculated. For the reasons mentioned before we had difficulties in separating the contribution of different OAS to the total scattering coefficient, and decided to show only the total contribution of scattering coefficient to the attenuation coefficient (the ratio b/c). This was done for eight ac-9 channels and also for the PAR region.
Slope of the scattering coefficient spectra
Data provided by the ac-9 allow us to describe the dependence of the total scattering coefficient, b, on wavelength. Usually this dependence is expressed by the power law
Here l 0 is some reference wavelength and p b is called the slope of the scattering coefficient spectrum. However, looking at the published data, we can see different estimations of p b values, from 0-1.3 (Jerlov 1974; Halturin et al. 1983; Kopelevich 1983; Phillips and Kirk 1984) . According to these data it seems that p b decreases with increasing turbidity of the water. However, on the basis of the whole ac-9 database A. Herlevi obtained noticeably variable values of p b , which in some cases were high (exceeding 1.5) even for turbid lakes Herlevi 2002b) . In the present study we tried to estimate the seasonal variation of p b (comparing May/June and August data) and the connections between its values and corresponding OAS. For these purposes the values of p b were determined for all 73 spectra under consideration. The value of l 0 was chosen to be 555 nm. A multiple regression formula between p b and three OAS jointly was determined, using the Multiple Linear Regression module of STATISTICA 6.0 (StatSoft Inc. 2001).
Results and discussion
Variation of optically active substances
A characterization of our OAS measurement results for lakes under investigation is shown in Table 2 . Looking at this table we can see marked variability of OAS not only when comparing different lakes, but also for different measurement series in the same lake. Note that the values of C s and C t below 3 mg L 21 are often determined with large relative errors and in this case the determination of a t and corresponding contribution to the total absorption coefficient is problematic (remember that a t was found as a residual according to equation (5)). For this reason we left out L. Päijänne, L. Koorküla Valgjärv and L. Paukjärv when we estimated the specific absorption coefficients of tripton. However, these lakes were included in our "contribution analysis" and in studies on the slope of the scattering coefficient spectra.
Estimation of absorption by tripton
We calculated the spectral values of a t and a 0 t according to equations (5) and (6). Note that the generally accepted result is that the absorption coefficient of detritus/tripton decreases with increasing wavelength and can be approximately expressed as an exponential function a t ðlÞ ¼ a t ðl 0 Þ exp ½2tðl 2 l 0 Þ ð12Þ where l 0 is a reference wavelength and the exponent t varies over a wide range, from 0.006-0.016 nm 21 (Roesler et al. 1989; Bricaud and Stramski 1990; Strömbeck and Pierson 2001; Darecki et al. 2003) . Because of the great variability of suspended matter constituents, the assessment of the numerical values of their absorption as well as of the specific absorption coefficients is complicated and is still one of the most difficult problems in the building of remote sensing models. As shown in ). Here we have to take into consideration that in lakes the amount of tripton is probably higher than that in the sea.
Some examples of the spectral variation of a 0 t , obtained by us, are shown in Figure 1 (a) and (b). Four spectra in Figure 1 (a) are characterized by a high determination coefficient and rather stable value of the exponent t, which was between 0.0068-0.0082 nm 21 . However, there is a group of measurements where the maximum value of a 0 t is at the wavelength 440 nm, the value of R 2 is lower (sometimes even less than 0.5) and the values of a 0 t at 532 and 555 nm are very small (Figure 1(b) ). As one can expect, the numerical values of a 0 t are very variable (see also Table 3 ). Naturally, the slope of the exponent is the same for a t and a 0 t . As we can see, the slope of the exponent varies between 0.0060 -0.0109 nm 21 (with two exceptions, the lower boundaries being 0.0044 and 0.0052). It is a little lower in comparison with the data mentioned before (Roesler et al. 1989; Bricaud and Stramski 1990; Strömbeck and Pierson 2001) Figure 2 , where we can see that a higher R 2 can be obtained using, not linear, . This large variability is not easy to explain, but there can be the influence of different compositions of tripton and also some seasonal changes.
Contributions of different water constituents to absorption and attenuation of light
The absolute values of a, b and c for all our lakes (Table 1 ) measured using the instrument ac-9 are already presented in Herlevi et al. (1999) and Herlevi (2002b) . We made a step forward, trying to estimate the contributions (ctr) of different water constituents to total absorption and attenuation coefficients. As said before, for this we have to find the ratios Figure 2 Relationship between the exponent t (equation (12)) and the values of a 0 t ð532 nmÞ (only the cases when C t . 3 mg L 21 and the determination coefficient of trendline R 2 . 0.6 were included, N ¼ 29)
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a w /a, a ph /a, a CDOM /a and a t /a as well as a w /c, a ph /c, a CDOM /c and a t /c. These ratios were calculated for eight wavelengths of ac-9 and, in some cases, also for the whole PAR region. The results for four individual cases (we tried to choose different types of lakes) are shown in Figures 3 and 4 . The averaged values (for each lake) of contributions of phytoplankton, CDOM, water and tripton (respectively ctr(a ph ), ctr(a CDOM ), ctr(a w ) and ctr(a t )) in the total spectral absorption coefficient for two ac-9 channels, 440 and 676 nm (central wavelengths of two main absorption bands of chlorophyll a) are shown in Table 4 . We can see that the contributions change from lake to lake and can be very different for 440 and 676 nm (especially ctr(a CDOM ) and ctr(a w )). With two exceptions (L. K. Valgjärv and L. Paukjärv) ctr(a ph ) for 676 nm markedly exceeds that for 440 nm. At the wavelength 440 nm the value of ctr(a ph ) changes from 3.2% to 13% and ctr(a CDOM ) from 56% to 90%. The values of ctr(a w ) (and their absolute changes) are small. At the wavelength 676 nm ctr(a ph ) changes from 8.1% to 35%, ctr(a CDOM ) from 1.6% to 11% and ctr(a w ) from 39% to 82%. The numerical values of ctr(a t ) have to be accepted with caution, but surely their highest contributions in the three most turbid lakes (L. Tuusulanjärvi, L. Võrtsjärv and L. Ü lemiste) are logical. It is interesting that the maximum values of ctr(a CDOM ) at 440 nm (90% and 88%) are observed in two different types of lakes: in mesotrophic/mesohumic L. Lammi Pääjärvi and in oligotrophic L. Päijänne. The values of contributions of OAS to a and c at different wavelengths, as well as those for the entire PAR region (Figures 3 and 4 and Table 4 ) are, to some extent, in correspondence with the optical types of the lakes (Reinart et al. 2003; Arst 2003) . According to Figure 3 , the value of a w, PAR /a PAR is almost 20% in L. Vesijärvi, but only about 6% in L. Võrtsjärv and L. Lammi Pääjärvi. The contribution of CDOM (a CDOM, PAR /a PAR ) is about 50% in L. Vesijärvi and L. Võrtsjärv, to some extent higher in L. Lohjanjärvi (65%), but in L. Lammi Pääjärvi it reaches 77%. The values of a ph, PAR /a PAR and a CDOM, PAR /a PAR are the highest in L. Vesijärvi and L. Võrtsjärv (14%), but only 7% in L. Lohjanjärvi and 3.4% in L. Lammi Pääjärvi. As can be expected, the ratio a t,PAR /a PAR is highest in shallow and turbid L. Võrtsjärv (30%), but almost similar in the other three lakes (13-18%).
The values of b PAR /c PAR also vary from lake to lake: in L. Võrtsjärv it is 84%, in L. Vesijärvi 72%, in L. Lohjanjärvi 65% and in L. Lammi Pääjärvi only 38% (Figure 4 ). In our very turbid lakes (L. Võrtsjärv, L. Tuusulanjärvi and L. Ü lemiste) the scattering coefficient can be rather high (typical values of b(412 nm) in these lakes were 10 -26 m 21 ). Kirk (1981 Kirk ( , 1996 presented the values of b PAR for five Australian freshwater lakes, with a minimum of 1.5 m 21 and maximum of 59.8 m
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. So, there are lakes with very high values of scattering coefficient and, correspondingly, the ratio b/c is relatively high. For the cases shown in Figure 4 , the values of b PAR were between 1.9-12.3 m 21 .
As already mentioned, there is not much data from other authors for comparing with our results. Kirk (1980 Kirk ( , 1996 presents some estimations of the contribution of (1) water itself, (2) soluble fraction, and (3) particulate fraction to absorbed PAR quantum irradiance for coastal-oceanic, estuarine and inland waters (all together 12 cases). In the oceanic waters the contribution of the water itself was 68%, the contributions of soluble and particulate fractions correspondingly 23.9% and 8%. However, in inland waters these values varied between 6% and 39% (water itself), 7.5% and 60.4% (soluble fraction) and 5.2% and 86.6% (particulate fraction). The general agreement with our data is good, but our turbid lakes show to some extent lower values of a w,PAR /a PAR and higher values of a CDOM, PAR /a PAR . Reinart et al. (2004) studying L. Peipsi in Estonia (94 water samples were analyzed) calculated the values of the contributions of water, CDOM and particles (all kind of particles together) to the total absorption coefficient measured in three wavebands (400-450 nm, 550-650 nm and 660-680 nm). For these wavebands the ratio of a w /a was correspondingly 0.1 -0.3%, Figure 3 Contributions of phytoplankton, CDOM, water and tripton to the total absorption coefficient a (calculated correspondingly as a w /a, a ph /a, a CDOM /a and a t /a) for eight wavelengths and also for the PAR region). In the figure the abbreviations a ph , a CDOM , a w and a t were used B. Paavel et al.
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22 -57% and 59-83%. The ratio a CDOM /a was correspondingly 55-87%, 17 -57% and 2-17%, and the ratio a PARTICLES /a was 13 -45%, 13-50% and 12 -49%. We cannot carry out the appropriate comparison with our data here (due to different wavebands), but the results for L. Peipsi seem to be close to those for L. Vesijärvi (in both lakes the mean value of Secchi depth is about 2 m). In McKee et al. (2002) the measurements and radiative transfer modelling were performed in a Scottish fjord, Loch Elive (down to 40 m). This water body is different from most of our shallow lakes, but three lakes (L. Paukjärv, L. Koorküla Valgjärv and L. N. Valgjärv) showed rather similar values of chlorophyll and yellow substance Figure 4 Contributions of a ph , a CDOM , a w , a t and scattering coefficient b to the total attenuation coefficient c (calculated correspondingly as a w /c, a ph /c, a CDOM /c, a t /c and b/c) for eight wavelengths and PAR region). In the figure the abbreviations a ph , a CDOM , a w , a t and b were used content. In Loch Elive the contributions of water, CDOM and phytoplankton (obviously together with tripton) to the total absorption in PAR were correspondingly 36%, 44% and 20%. For our clear-water lakes we obtained similar results, except that the contribution of CDOM in lakes was higher than that in the fjord.
Slope of the scattering coefficient spectra
A data complex of scattering coefficients obtained by ac-9 measurements and the corresponding discussion of the results are published in Herlevi et al. (1999) and Herlevi (2002a,b) . In the present study we focused our attention on the spectral distribution of scattering coefficient (b) and on the corresponding slope of its trendline. Some examples of the measured values of b are shown in Figure 5 . As usually the spectral distribution of b is expressed by equation (11), we show the same spectra also in the form of normalized values, the reference wavelength being 555 nm (Figure 6 ). The slope p b (equation (11)) was determined using the power function trendline. In most cases the determination coefficient was high (R 2 . 0.94). However, there were also some individual spectra where the measurement result for one ac-9 channel was obviously incorrect (e.g. some data for channel 630 nm in 2000)
. The values of p b varied in a large range, being between 0.32 -2.53, and the average value was 0.847 (N ¼ 73, st. dev. ¼ 0.439). Note that for lake waters the value p b ¼ 0.8 is often used in practice Arst et al. 2002; Herlevi 2002b; Arst 2003) . We tried to find out whether the value p b has some seasonal dependence and/or if there is some influence of the concentrations of OAS on p b . The first was not an easy task, because for some lakes we had only 4-5 measurement series. Despite this, in five lakes we found distinguishable differences between p b averaged for May/June and for August (Figure 7 ). The early summer values are rather variable, from 0.44 -2.1, but in August p b varies only from 0.33 -0.66. Averaged for each of the remaining lakes p b is presented in Figure 8 (seasonal change was not found). Most of these results are rather close to the value 0.8. Gallegos et al. (2005) showed that p b can vary widely within and between years: there appeared to be a trend characterized by relatively high values in early spring soon after the break-up of ice, declines during the bloom of Prorocentrum minimum, followed by a steady rise to a late summer peak. The reason why the wavelength dependence of the scattering coefficient is larger in spring than in late summer could be the different size and type of particles in water, which can have different scattering properties (including the spectral distribution of b). For the conclusive analysis a large dataset is necessary. Figure 5 Some examples of the spectral distribution of the total scattering coefficient measured with ac-9 in different lakes Figure 6 The spectra, shown in Figure 5 , are normalized to l ¼ 555 nm. The power function trendlines and corresponding regression formulas are also presented
It was rather problematic to assume that we can find the connections between the values of p b and the concentrations of the OAS. We had no success in finding a good correlation between p b and the concentration of some single OAS. However, it occurred that the multiple regression between p b and three OAS jointly can give a rather high determination coefficient. variability can be the influence of different composition of tripton and also some seasonal changes. Our results of determining the inherent optical properties of lakes (including specific absorption coefficient of tripton) could be useful for elaborating the algorithms of optical remote sensing models.
The contributions (ctr) of different water constituents to total absorption coefficient changed from lake to lake, depending strongly on wavelength. In the narrow waveband centered at 440 nm, the averaged values of these contributions varied in the following way: ctr(a ph ) from 3.2% to 13%, ctr(a CDOM ) from 56% to 90%, ctr(a w ) from 0.3% to 2.1% and ctr(a t ) (calculated as residual on the basis of the other data) from 5.6% to 36%. At the wavelength 676 nm the corresponding values were 8.1% to 35%, 1.6% to 11%, 39% to 82% and 6.0% to 27%. The proportion of the total scattering coefficient in the total attenuation coefficient also depended on wavelength and varied from lake to lake (e.g. in eutrophic L. Võrtsjärv the ratio b PAR /c PAR is 84%, but in L. Lammi Pääjärvi (rich in yellow substance) it was only 38%).
The values of the slope of scattering coefficient spectra ( p b ) varied in a large range, being between 0.32-2.53, and the average value was 0.847. Note that in the publications of many authors the value p b ¼ 0.8 is often used in practice for lake waters. Comparing the results obtained in May/June and in August we found that in five lakes there is a rather marked seasonal dependence of p b , but for the other six lakes this kind of change was not found. We had no success in finding a good correlation between p b and the concentration of some single OAS. However the multiple regression between p b and three OAS jointly gave a rather high Figure 9 Comparison of p b values, derived from ac-9 measurements and calculated by regression formula (equation (13) Further investigations on the basis of a larger dataset, describing the seasonal variation of parameters and the corresponding contributions of OAS to total absorption and attenuation coefficients, are obviously necessary. One of their purposes should be to separate the contributions of living phytoplankton, tripton and CDOM in the formation of total scattering coefficient, which is not done in the present study. Additional data on the specific absorption coefficient of tripton as well as on the scattering/backscattering coefficient spectra are needed for testing and improving the remote sensing reflectance models.
